Abstract Foot pain is a common orthopedic condition that can have an impact on health-related quality of life. The evaluation of plantar hindfoot pain begins with history and physical examination. Imaging modalities, standard radiographs, sonography, MR, CT are often utilized to clarify the diagnosis. The article is a detailed description of the sonographic evaluation of the plantar fascia and its disorders as well as the common etiologies in the differential diagnosis of plantar fasciopathy.
Introduction
Foot pain is a common orthopedic condition that can have an impact on health-related quality of life with populationbased studies demonstrating a prevalence of up to 28 % [1] [2] [3] . Plantar fasciopathy is a common cause of foot pain in adults and comprises over one million outpatient visits annually [4] . However, other causes of heel pain should always be considered in the differential diagnosis of plantar fasciopathy as effective treatment of heel pain hinges upon an accurate diagnosis. The evaluation of plantar hindfoot pain begins with a detailed history, physical examination, and standard radiographs. Advanced imaging modalities, such as sonography, MR, or CT are often utilized to clarify the diagnosis especially when heel pain becomes recalcitrant or recurrent.
High-resolution sonography is an ideal imaging choice for evaluation of plantar hindfoot pain since it readily evaluates the plantar fascia as well as other surrounding structures that may reveal an alternative cause of pain [5] . Other advantages of sonography include its cost effectiveness, lack of ionizing radiation, availability, and the real-time nature of the sonographic examination. The following is a detailed description of the sonographic evaluation of the plantar fascia and its disorders as well as the common etiologies in the differential diagnosis of plantar fasciopathy.
US of the plantar aponeurosis

Normal anatomy and US appearance
The plantar aponeurosis has both a structural and functional role in facilitating the foot's ability to effectively perform in human propulsion. Structurally, it has a fundamental role in foot biomechanics, including supporting the medial longitudinal arch and dissipating the forces and stresses of the foot during gait or other loading conditions. More recently, the plantar fascia has been postulated to play an important role in proprioception and peripheral motor coordination. [6, 7] . The plantar aponeurosis comprises three cords: central, medial, and lateral. The central cord is the most clinically significant. It originates from the plantar aspect of the posteromedial calcaneal tuberosity, where it conforms to the convexity of the underlying calcaneus ( Fig. 1a-c) [8] . The proximal third of the central cord is triangular with the apex posterior (Fig. 1b, c) . As it travels distally, it becomes thinner and wider, while also adhering to the underlying flexor digitorum brevis muscle. At approximately, the mid-metatarsal level the central cord divides into five diverging bands that have a complex array of attachments to their respective toes, including the palmar plates, flexor tendons, interosseous ligament, and transverse metatarsal ligament [8, 9] .
The medial cord also arises from the medial calcaneal tuberosity and travels as a thin aponeurotic band that forms the covering fascia of the abductor hallucis muscle [8] . Because the medial cord is the least clinically significant of the three cords, further anatomic details are beyond the scope of this article.
The lateral cord of the plantar fascia arises from the lateral aspect of the medial calcaneal tuberosity where it partially blends with the origin of the underlying abductor digiti minimi muscle and the lateral aspect of the central cord (Fig. 1a) [8] . The lateral cord travels distally towards the base of the fifth metatarsal tuberosity superficial to the abductor minimi muscle where it shares an insertion with the peroneus brevis tendon on the tuberosity of the base of the fifth metatarsal.
Ultrasonography can effectively evaluate the central cord of the plantar aponeurosis starting at the medial tuberosity of the calcaneus and following it distally. The central cord appears as homogenous hyperechoic fibrillar structure that is thick and triangular proximally and thins as one scans distally (Fig. 2a-c) . At its origin on the medial tuberosity, the deep fibers of the central cord assume an oblique orientation at their insertion and thus may appear hypoechoic as a result of anisotropy (Fig. 2b) . Just distal to its insertion on to the medial tuberosity, the central cord is thick and triangular with maximal thickness approximately 3-4 mm [5, 10, 11] . As one scans distally, the central cord becomes thinner on long axis view, but wider in the short axis plane.
Plantar fasciopathy
The etiology of plantar fasciopathy is primarily due to mechanical overload, although the pathogenesis is poorly understood and likely multifactorial in nature. Plantar fasciopathy classically involves the proximal third of the central cord of the plantar aponeurosis. However, distal plantar fasciopathy has been recognized as a cause of recalcitrant plantar heel pain [12] . Patients with proximal plantar fasciopathy usually describe a dull aching pain in the plantar hindfoot area, often directly over the medial calcaneal tubercle. In addition, patients often experience a sharp pain with the first few steps in the morning or after periods of inactivity. Histologic findings associated with plantar fasciopathy, include collagen necrosis, angiofibroblastic hyperplasia, chondroid metaplasia, and calcifications [13, 14] .
The characteristic sonographic findings of proximal plantar fasciopathy, include hypoechoic thickening of the plantar fascia, loss of fibrillar echotexture, and loss of fascial edge sharpness (Figs. 3a, b). Other sonographic findings of proximal plantar fasciopathy include cortical irregularity of the calcaneus, often with an associated enthesophyte, and perifascial edema in acute cases [10, 11, [15] [16] [17] . It is generally accepted that a plantar aponeurosis thickness of [4 mm is consistent with plantar fasciopathy, although a minority of individuals without proximal plantar fasciopathy can have a normally large central aponeurosis [9, 11, 18] . Comparison with the contralateral side as well as other characteristic findings of plantar fasciopathy can help distinguish a normally large plantar fascia from a thickened one due to fasciopathy. The use of Doppler imaging is often normal with plantar fasciopathy, but rarely may demonstrate varying degrees of hyperemia in the proximal plantar aponeurosis and surrounding tissue [19] . Ultrasound also has a role in the management of plantar fasciopathy by guiding local injection of steroids [20] [21] [22] , extracorporeal shockwave therapy [23] , or needle tenotomy [24] .
The sonographic appearance of distal plantar fasciopathy includes fusiform hypoechoic thickening of the distal central cord with loss of normal fibrillar echotexture (Fig. 4a, b) . Typically, the entire width of the aponeurosis is thickened that may help distinguish this entity from that of a plantar fibroma that may have a similar sonographic appearance.
Plantar fascia tear
Tears of the plantar fascia can be partial or complete. Partial plantar fascia tears can be hard to differentiate from severe fasciopathy. A history of a sudden tearing sensation or sonographic demonstration of separation of the central cord during dynamic dorsiflexion of the ankle and great toe can aid in distinguishing fasciopathy from a partial tear (Fig. 5a , b) [5, 25] .
Complete rupture of the central cord of the plantar fascia is relatively uncommon and is often associated with long standing plantar fasciopathy or a recent corticosteroid injection [26, 27] . Spontaneous complete ruptures are often preceded by a popping sensation and acute onset of pain, edema, and tenderness [28] . Confirmation of a complete rupture is best achieved by demonstrating widening of the gap between the two fascial ends with dynamic dorsiflexion of the ankle and great toe (Fig. 6) [17] .
Post-plantar fascia release
Surgical fasciotomy may be indicated in patients with severe plantar fasciopathy that have been refractory to non-operative treatments. Surgical fasciotomy can be partial or complete, and generally is performed just distal to its origin on the calcaneus. Partial fasciotomies, whether open or endoscopic, involve releasing generally 25-50 % of the medial central cord. Causes of foot pain after plantar fasciotomy can be grouped into several pathologic processes [29] .
The first is problems arising from the plantar fascia, mainly recurrent or persistent plantar fasciopathy (Fig. 7a, b) . Acute plantar fascia rupture can also occur in patients, who have had a partial release. Pain may also arise from medial arch instability, particularly when the plantar fascia has been completely released. Increased stresses on the medial arch can in turn result in pathology to the posterior tibialis and flexor digitorum longus tendons as well as the peroneal tendons. Finally, alterations in midfoot and lateral column mechanics can lead to an array of problems including stress injury to bone, midfoot arthrosis, and various soft-tissue breakdown. Sonographic evaluation of continued foot pain after surgical fasciotomy should include systemic evaluation of the plantar fascia, medial tarsal tunnel structures, peroneal tendons, and midfoot joints for signs of arthrosis.
Entrapment of the first branch of the lateral plantar nerve (Baxter's neuropathy)
Entrapment of the first branch of the lateral plantar nerve (FBLPN), also known as Baxter's neuropathy, is a welldocumented cause of heel pain and should be considered in Note that the thickening is completely contained with in the fascia edges of the aponeurosis which is in contrast to plantar fibromatosis where the fibroma will typically extend beyond the superficial border of the aponeurosis the differential diagnosis of plantar fasciopathy. Compression of the FBLPN typically occurs in two locations. The first is between the abductor hallucis and quadratus plantae muscles where the nerve changes from a vertical to a horizontal position [30] . More distally, where the FBLPN passes anterior to the medial calcaneal tubercle, entrapment can occur as a result of a calcaneal enthesophyte or plantar fascia thickening from fasciopathy [31] [32] [33] [34] . The FBLPN provides motor innervation to the flexor digitorum brevis, quadratus plantae, and abductor digiti minimi muscles. Innervation of the abductor digiti minimi muscle is distal to where the FBLPN passes adjacent to the medial calcaneal tuberosity and, therefore, isolated atrophy of the abductor digiti minimi muscle is a sign of compression at that location (Fig. 8a, b) . Heel pain due to entrapment of the FBLPN can be difficult to establish since it can occur in isolation or coexist with plantar fasciopathy [35] [36] [37] [38] . Furthermore, atrophy of the abductor digiti minimi muscle can be an asymptomatic finding [30, [38] [39] [40] . Recently, Presley et al., [35] demonstrated that the FBLPN can be reliably visualized at the proximal abductor hallucis-quadratus plantae interval and a sonographically guided diagnostic injection at that site may help to establish the diagnosis of FBLPN entrapment (Fig. 8c) .
Plantar fibromatosis
Plantar fibromatosis or Ledderhose disease is a benign fibroblastic proliferative disorder characterized by focal nodular enlargement most commonly within the central cord of the plantar fascia. Most lesions are solitary and unilateral; however, approximately one-third of lesions are bilateral, and one-fourth of patients have multiple lesions [45] . Clinically, patients will most often present with a painless fibrous nodule easily palpated on physical examination. Occasionally, the nodule may become painful from direct pressure against the arch of the shoe. Less common causes of pain, include direct pressure of a nodule against the medial plantar nerve, inflammation within the nodule, and a nodule located at the proximal attachment of the central cord, which can mimic proximal plantar fasciopathy [5, [41] [42] [43] [44] .
The sonographic appearance of a plantar fibroma includes a hypoechoic fusiform nodular thickening within the central cord of the plantar fascia (Fig. 9a, b) . Typically, the nodule is located more superficial within the aponeurosis having a predilection for the medial (60 %) versus the central region (40 %) of the cord [45] . Continuity of the nodule with the plantar fascia distinguishes it from other soft-tissue tumors [5] . Color Doppler imaging shows vascularity in cases of an inflammatory fibroma or atypical cases. No correlation has been established between the US Fig. 8 Sonographic evaluation of entrapment of the first branch of the lateral plantar nerve (Baxter's neuropathy). Long axis sonogram of the abductor digit minimi muscle (ADM) (a) shows general hypoechogenicity suggestive of fatty replacement from chronic compression of the first branch of the lateral plantar nerve. For comparison, the adjacent flexor digitorum brevis muscle (FDB) (b) shows normal muscle echogenicity. c Short axis sonogram shows the first branch of the lateral plantar nerve (white arrowhead). Within the distal medial tarsal tunnel, after the tibial nerve divides into the medial and lateral plantar nerve, the first branch of the lateral plantar nerve divides from the lateral plantar nerve (white arrow) and travels in a vertical orientation towards the interval between the abductor hallucis (not shown) and the quadratus plantae (QP). At this location, an ultrasound-guided nerve block can be performed to confirm the presence of an entrapment of the first branch of the lateral plantar nerve appearance of the nodules, the duration of symptoms, and the clinical outcome [45] .
The sonographic appearance of distal plantar fasciopathy can appear similar to that of a fibroma. An important distinguishing feature is that distal plantar fasciotomy tends to have uniform hypoechoic thickening throughout the width of the central cord, as viewed on long axis imaging, whereas plantar fibromas often involve the superficial onehalf to two-thirds of the fascia and may extend beyond the superficial border.
Foreign body
The differential diagnosis of a plantar heel pain includes a foreign body since they are most commonly found within the subcutaneous fat of the plantar aspect of the foot, particularly in patients who walk barefoot (Fig. 10a, b) [10, 44] . A history of traumatic puncture is not always reported. Standard radiographs can be useful in the diagnosis, but are only able to detect radiopaque material.
Ultrasonography can assist in the diagnosis, size, and position of foreign body in relation to adjacent anatomic structures, which is especially important for detecting radiolucent structures. Foreign bodies often appear as linear hyperechoic band-like structures, and may be surrounded by granulomatous tissue that has a hypoechoic halo appearance. Surrounding hyperemia on color Doppler is frequent; especially, in more acute cases. Depending on the size of the foreign body, glass and metal may produce a posterior reverberation artifact while wood, thorns, and plastic usually demonstrate posterior acoustic shadowing [44] . A thorough, systematic approach to scanning is recommended to assist with locating foreign bodies that may be small and hidden in deeper structures. Ultrasonography can also guide percutaneous removal.
Calcaneal stress fracture
Calcaneal stress or insufficiency fractures should be considered in an individual presenting with plantar hindfoot pain. Conventional radiographs can confirm the diagnosis although in the early stages they are typically normal [46] . When radiographs are inconclusive, MRI can provide a definitive diagnosis. Sonographic findings that should raise the suspicion of a stress fracture and prompt further imaging include irregularity of the calcaneal cortex with an adjacent hypoechoic line, which represents edema and thickening of the periosteum, and an increased vascularity on color Doppler imaging (Fig. 11) [5] .
Rheumatoid nodule
Rheumatoid nodules are the most common extra-articular manifestation of rheumatoid arthritis and have a predilection for areas prone to repetitive microtrauma, including the heel [47] . Rheumatoid nodules range in size from 2 mm to 5 cm and clinically may be asymptomatic or result in pain from direct pressure for those located within the plantar hindfoot [47] [48] [49] . The ultrasound appearance of a rheumatoid nodule is variable, but most commonly shows a well-demarcated nonspecific hypoechoic mass with minimal vascularity (Fig. 12a, b) [50] [51] [52] . Typically, rheumatoid nodules reside close to bony surfaces, but are not commonly erosive to bone.
Plantar vein thrombosis
Plantar vein thrombosis is a rare cause of plantar foot pain that can mimic acute plantar fasciopathy. Predisposing condition includes recent surgery, trauma, paraneoplastic conditions, and other hypercoagulable states. The medial and lateral plantar veins travel alongside their named arteries in the sole of the foot and unite with the great and small saphenous veins forming a single vein that runs behind the medial malleolus to become the posterior tibial vein [53] . Physical examination will reveal focal pain and soft tissue edema [54, 55] . Characteristic sonographic findings, include the absence of flow on Doppler US and one or more enlarged veins that contain hypoechoic noncompressible material or a thrombus (Fig. 13) . Although MR imaging has been described as a useful tool for the diagnosis of localized thrombosis of the foot veins, US is recommended as the first-line imaging modality [55] .
Conclusion
Plantar hindfoot pain is a common orthopedic complaint with plantar fasciopathy the most common etiology of heel pain. Sonography can easily reveal the pathologic findings of plantar fasciopathy as well as assess for alternative causes of heel pain.
